Abstract Sap flow measurements have long been used to measure transpiration in individual trees and there exist some well established methods for upscaling individual tree volumetric transpiration to areal transpiration in plantation and forest plots. However, where edge effects are significant, such as in tree belts, the area the volumetric transpiration is to be projected upon is unknown. This paper provides a methodology for estimating the area that a tree belt hydrologically occupies by using either measurements of tree root density or soil moisture distribution. An application of the proposed methodology shows that simply assuming that the area of the tree belt is the crown projected area could lead to an overestimation of the areal transpiration of 100%.
Introduction
Inferring tree water use from sap flow velocities has a long history (Huber 1932) and there are many examples in the literature of the use of the technique in many different environments and in different tree species. To be useful in studies of catchment water balance, the individual tree water use volumes need to be scaled on an areal basis so that they can be compared to other water fluxes measured on an areal basis such as rainfall and evapotranspiration from micro-meteorological techniques. To avoid any confusion in this paper, volumetric transpiration refers to a volume of water transpired per unit time, (e.g. l day −1 ), and areal transpiration refers to a volume of water transpired per unit of area and time, (e.g. l m −2
In its simplest form, the areal transpiration is the average volumetric transpiration per stem (l stem −1-day −1 ) multiplied by the planting density (stems ha −1 )
for a monoculture plantation of regularly spaced equal aged stems (Hatton and Vertessy 1990) . Areal transpiration becomes more difficult to determine for more complex systems, such as a natural forest consisting of different sized trees of different species (Zeppel et al. 2006) . There are many reviews on the topic of scaling water use from tree to stand, e.g. Hatton and Wu (1995) , Granier et al. (1996) and Cermak et al. (2004) . However, most studies were not designed to address the effects of edges on vegetation water use and so the work was conducted well away from the edges of plantation blocks or forests.
In studies of isolated trees the areal transpiration is often calculated as the volumetric tree water use divided by the crown projected area (Cermák et al. 2000; David et al. 2004) . Again this method does not incorporate the edge effects.
In some tree planting configurations, edge effects apply to all trees. These layouts include windbreaks, hedgerows, tree belts and alley cropping systems. There are comparatively few examples in the literature of studies that have upscaled sap flow measurements from tree to tree belt. Due to edge effects, the area occupied hydrologically by the tree belt is uncertain and so upscaling is difficult. Previous studies have presented a range of solutions to this problem. In an alley cropping arrangement, the areal transpiration has been expressed as the volumetric tree water use per crown projected area (Lefroy et al. 2001; White et al. 2002) , as an alternative Lefroy et al. (2001) upscaled transpiration over the whole tree/pasture plot. Wildy et al. (2004) defined a 'unit tree' which involved a water balance of the tree belt / pasture system in three sections up to 15 m from the centreline of the tree belt. None of these approaches has considered the areal transpiration in a way that allows the transpiration to be adequately used directly in a one dimensional water balance. This paper presents a methodology for upscaling transpiration from tree to tree belt that incorporates an explicit consideration of the area hydrologically occupied by the tree belt. The 'effective width' methodology, described here, differs from previous approaches because it incorporates a consideration of the area outside of the crown area that the tree belt exploits for resources (water).
Theoretical development of methodology
In order to upscale the sap flow measurements from volumetric water use to areal transpiration, the ground area that the tree occupies needs to be known. At the ground surface (the area the water use is projected upon) the area of the tree is the stem. Below-ground, the area occupied by the tree is the roots; it is where water is collected from. Above-ground, the area occupied by the tree is the crown; it is where the tree intercepts light. Each of these three areas could be considered representative of the area of the tree in their own way, however, each will give vastly different areal transpiration rates for the same volumetric water use. The critical question here is: what is the area of ground surface that is completely hydrologically occupied by the tree? (Eagleson 1982; Ellis et al. 2005) Above-ground considerations White et al. (2002) used the crown projected area as the basis for the upscaling of tree water use to areal transpiration on the justification that this was the "ground area over which energy was absorbed by the trees." The ground area over which the tree belt is intercepting light can be seen as the area of the shadow cast by the tree belt. Depending upon the latitude, time of day and the orientation of the tree belt, this can be many times the crown projected area (Monteith 1973) .
Net radiation from the sun is a key driver of evapotranspiration and so it follows that the shape of the curve of daily water use for well watered vegetation should track that of net radiation. A comparison of the patterns of water use throughout a day between a pasture and tree belt are informative, even though the units are not directly comparable (Fig. 1) . The pasture trace follows a sine curve almost perfectly while the tree trace is steeper in the morning and afternoon and flatter during the middle of the day. This observation is consistent with the findings of Smith et al. (1997) who measured the net radiation intercepted by a tree belt using an array of net radiometers encircling the tree belt canopy. The patterns measured for net radiation in a tree belt and an adjacent crop were very similar to that shown in Fig. 1 for water use of a tree and an adjacent pasture.
Due to being a three dimensional shape, rather than a flat plane, the tree belt intercepts more light than the pasture and therefore has more energy available for transpiration. A tree belt can also have an additional source of energy in the form of advection and entrainment of sensible heat (Taylor et al. 2001) . These additional sources of energy suggest that a tree belt may not be limited to potential evapotranspiration (Smith et al. 1992 ) as calculated for a well adjusted flat plane (such as a homogeneous pasture or tree plantation).
Below-ground considerations
Although trees are said to be deep rooted, the majority of their roots are still likely to be close to the soil surface (Schenk and Jackson 2002) . In a plantation or forest the proximity of a tree root to a stem is no indicator that the root belongs to that stem (Knight 1999) . Due to the overlapping of root systems the root density is assumed to be homogenous in a horizontal direction and decrease with depth. A negative exponential relationship has been used to describe the root density (R) distribution with depth (z; Gerwitz and Page 1974; Eastham and Rose 1990) :
where a and b are fitting parameters. Landsberg and McMurtrie (1984) extended Eq. 1 to model root density distribution with depth and radial distance from the stems of isolated trees. It follows that a negative exponential function can also be used to describe the lateral spread of tree root density from a tree belt (Landsberg 1999; Sudmeyer 2002) .
Sampling the root density distribution of a tree belt is costly, labour intensive and destructive (Knight 1999) . To enable the changes through time to be seen a non-destructive means of obtaining a root density distribution needs to be found. There are several geophysical techniques (such as ground penetrating radar and differential electric conductance) that can be used for this task (Nadezhdina and Cermak 2003) . However, as soil moisture content has been found to be negatively correlated with root density (Sudmeyer 2002) , it provides an appropriate surrogate that can be easily measured on a routine basis.
Mathematical formulation
The hydrological influence of a tree belt decreases exponentially away from the tree belt to a point where there is no influence upon the adjoining pasture (Walker and Dowling 1991) . This creates three zones: tree belt; mixed zone; and, pasture zone. Upscaling volumetric tree water use to areal transpiration requires that the mixed zone be eliminated and the tree/pasture system be reduced to a binary state. Reduction of this complex system to a binary state has been done previously for investigations of tree-crop interactions in a no-yield zone (Stirzaker et al. 2002; Oliver et al. 2005 ) and a no-recharge zone (Ellis et al. 2005) .
The curve shown in Fig. 2 represents the influence (y) of the tree decreasing with distance (x) from the tree. To reduce this system to a binary state an equivalent width (w) needs to be found such that the Fig. 1 A comparison of the daily cycle of water use by a pasture and adjoining tree belt Fig. 2 Influence of tree belt decreases exponentially away from tree belt. The hatched rectangle has the same area as shaded below the curve in grey. If an equivalent area is calculated then an equivalent width (w) can be derived area shaded in grey is equal to the hatched area. The curve is defined as:
Where a and b are fitting parameters. The area under the curve is:
The equivalent area is:
From soil moisture measurements or root density observations the parameters a and b can be fitted to Eq. 2 and subsequently w can be calculated.
As an extension of this methodology the calculations can also be used if the lateral extent of the roots can be estimated. For example, the lateral extent of the roots of belts of trees maybe twice the height (h) of the trees (Sudmeyer 2002) . The height of the tree belt is much easier to measure than root density distributions or soil moisture distributions. If Eq. 2 is rearranged to solve for b and then substituted into Eq. 5 then the result is:
Since Eq. 2 asymptotes towards 0 as x approaches infinity a limit needs to be imposed to enable these calculations to be done. If y=5% is taken to be the limit and if it is assumed that x = 2h then an approximate solution for the equivalent width can be calculated from Eq. 6:
As the tree belt is assumed symmetrical, the equivalent width (w) needs to be doubled and then added to the actual width of the tree belt to get the effective width for upscaling purposes. The effective width is then multiplied by the length of the tree belt to get the area that the tree belt occupies.
It is then a trivial process to divide the volumetric transpiration of the tree belt by the effective area to get the areal transpiration of the tree belt.
Application of methodology

Field site
In an agricultural catchment in the Central West of NSW, Australia (Brays Flat 33°04′S, 148°36′E), tree belts were established 14 years ago. From a catchment hydrology perspective the areal transpiration of these tree belts was of interest. The site has a moreor-less equi-seasonal rainfall with an average of 630 mm year −1 and an estimated annual pan evaporation of 1,580 mm year −1 (Jeffrey et al. 2001 ).
The two tree belts differed in their local hydrology. One tree belt was situated on a ridge and it was assumed that it did not access groundwater which was 12 m below ground level. We have labelled this tree belt the 'recharge tree belt'. The other tree belt was located in a groundwater discharge zone and it was assumed that the tree belt had access to groundwater at 1 m below ground level. We have labelled this tree belt the 'discharge tree belt'. Both tree belts consisted of three rows of trees, the discharge tree belt consisted mainly of Casuarina cunninghamiana Miq. and the recharge tree belt was a mixture of C. cunninghamiana and Acacia mearnsii De Wild.
Volumetric transpiration
Sap flow velocity was measured in six trees in each tree belt; each instrumented tree had four Greenspan SF300 sap flow probes. This gave 24 measurement points per tree belt. The corrected sap flow velocity (Swanson and Whitfield 1981; Edwards and Warwick 1984) was averaged for each tree and then averaged again by species for each tree belt. This resulted in an average daily corrected sap flow velocity for the C. cunninghamiana in the discharge tree belt and an average daily corrected sap flow velocity for both the A. mearnsii and C. cunninghamiana in the recharge tree belt (Fig. 3) .
A length of tree belt was chosen to survey for the size and distribution of trees within each tree belt. All trees within the survey length had their species and circumference recorded twice during the measurement period. A subset of these trees had a core drilled to enable a relationship to be developed between sap wood area and circumference (Fig. 4) . This relationship was used to determine the total area of sap wood in the survey length of tree belt.
A survey length of 49.0 m was chosen for the recharge tree belt and 27.6 m for the discharge tree belt. In the recharge tree belt there were 19 C. cunninghamiana trees with 1,945 cm 2 of sap wood area in Jan 05 and 3,303 cm 2 of sap wood area in Feb 06, seven A. mearnsii trees with 3,018 cm 2 of sap wood area in Jan 05 and 4,140 cm 2 of sap wood area in Feb 06 and three other trees with a sap wood area of 145 cm 2 in Jan 05 and 187 cm 2 in Feb 06. In the discharge tree belt there were 71 C. cunninghamiana trees with 8,645 cm 2 of sap wood area in Jan 05 and 12,191 cm 2 of sap wood area in Feb 06 and six other trees with 810 cm 2 of sap wood area in Jan 05 and 1,043 cm 2 in Feb 06. There were many more trees in the discharge tree belt than originally planted due to recruitment of new trees.
The total sap wood area of the surveyed length of tree belts were estimated at two points in time and then linearly interpolated to enable an estimate of the sap wood area for each day of the measurement period. The sap wood area multiplied by the corrected sap flow velocity (Fig. 3) gives the volumetric transpiration for the surveyed length of tree belt (Fig. 5) .
Equivalent width from soil moisture measurements Soil moisture was measured in three replicate transects perpendicular to each of the tree belts using a neutron moisture meter (NMM). At the recharge tree belt site, 6 m deep NMM access tubes were installed Fig. 4 Relationships developed between sap wood area and circumference from sap wood cores drilled from a selection of trees Fig. 3 Average daily corrected sap flow velocity for the C. cunninghamiana in the discharge tree belt and the A. mearnsii and C. cunninghamiana in the recharge tree belt at −2, 0, 5, 15 and 30 m relative to the dripline of the trees. The dripline refers to a line on the ground representing the edge of the crown. At the recharge tree belt site, 3 m deep NMM access tubes were installed at 0, 5 and 15 m relative to the dripline of the trees. All NMM access tubes were monitored fortnightly at 20 cm depth increments.
The stored soil moisture, at both the recharge and discharge tree belts, increased with perpendicular distance away from the dripline (Fig. 6 and 7) . At the recharge tree belt the stored soil moisture between tree stems (−2 m) and at the dripline (0 m) were not significantly (P>0.05) different. The measurements at 15 and 30 m from the dripline were also not Fig. 6 Stored soil moisture in profile at the recharge tree belt site measured in a transect perpendicular to the tree belt. Data is displayed as the mean of three replicates at each distance from the dripline Fig. 5 Volumetric transpiration for 49.0 lineal m of recharge tree belt and 27.6 lineal m of discharge tree belt significantly different from each other. This gave three distinct soil moisture zones: beneath the trees (at −2 and 0 m); in the mixture zone between the trees and the pasture (at 5 m); and, the pasture zone (at 15 and 30 m). The discharge tree belt followed the same pattern as the recharge tree belt except that there was less difference between the stored soil moisture at 0 and 15 m -they are not significantly (P>0.05) different from each other.
For both the tree belts, the difference in stored soil moisture between the pasture and each measuring point was fitted to Eq. 2 using a least squares regression. This allowed the equivalent width of the tree belt to be found using Eq. 5 (Fig. 8 ). An increasing trend with time was present in the equivalent width estimates for both tree belts. Since trees grow over time it is not unexpected that they would also increase the area that they hydrologically occupy over time. Fig. 7 Stored soil moisture in profile at the discharge tree belt site measured in a transect perpendicular to the tree belt. Data is displayed as the mean of three replicates at each distance from the dripline Fig. 8 Equivalent width of each tree belt to be added to the width from dripline to dripline. The solid lines represent the line of best fit through all of the data for each tree belt; the dashed line represents the line of best fit for the discharge tree belt only for the data from March to July. This was the time of year when the groundwater level was at its lowest, and therefore the influence of the groundwater upon the soil moisture should be minimised and the influence of the trees upon the soil moisture storage should be greatest There was also an apparent seasonal trend in the equivalent width time series at each tree belt. This was consistent with the pulsating influence domain of Ecological Field Theory (Walker et al. 1989 ). The seasonal trend was out of phase between the recharge and discharge tree belt; this has not been investigated further here.
Areal transpiration
The volumetric transpiration of the surveyed length of each tree belt (Fig. 5) was divided by the effective width of the tree belt multiplied by the surveyed length to get the areal transpiration rate in l m −2 day −1 or equivalently mm day −1 (Fig. 9) . At this field site the discharge tree belt has transpired much more water on an areal basis than the recharge tree belt.
Discussion
A comparison between crown projected area and effective width for up scaling volumetric transpiration to areal transpiration has found that the areal transpiration calculated on the basis of the crown projected area was approximately double the transpiration calculated using the effective width concept (Fig. 10) . In a water-limited environment, such as the recharge tree belt, transpiration calculated using the crown projected area will be an over estimate. This suggests that the trees are using all the available water, thus implying that recharge and runoff are negligible. The results shown in Fig. 10 do not include interception or soil evaporation and when these quantities are added, the total ET will actually exceed rainfall suggesting that the tree belt has another source of water. In catchments affected by dryland salinity, such as Brays Flat, trees are often used to reduce recharge and runoff with the aim of minimising salt discharge to land and stream. Our data suggests that if areal transpiration is calculated on the basis of crown projected area then the benefits of the tree belt may be grossly overstated.
Using the crown projected area as the basis for upscaling in an energy-limited environment would give results that are infeasible. The calculated transpiration for the discharge tree belt would be 700 mm above ET o , and this does not include further losses to the atmosphere through interception, bare soil evaporation or understorey transpiration (Fig. 10) . While transpiration rates greater than ET o may be possible for a tree belt due to the increased light interception (Smith et al. 1997 ) and the advection and entrainment of sensible heat (Smith et al. 1997; Taylor et al. 2001 ), a crop co-efficient approaching 2.0 seems highly unlikely. In a review of Western Australian research, Raper (1998) calculated a crop co-efficient of 1.5 for plantation E. cladocalyx and E. globulus reported by Greenwood et al. (1985) , however, doubts were expressed over the methodology used in the calculation of ET. In a very detailed study, Benyon et al. (2006) showed that in a climate similar to Brays Flat, trees can use water at rates of double rainfall but the crop co-efficients were only just greater than 1 (1.01 E. globulus, 1.09 P. radiata, 1.00 C. maculata).
Using the crown projected area as the basis for upscaling volumetric transpiration to areal transpiration will result in a gross over-estimation of transpiration leading to significant errors in water balance calculations. The method presented in this paper shows the calculated areal transpiration was between rainfall and ET o . Once the other elements of the water balance are added, the total ET should be quite close to the calculated potential. This would be the expected result in an environment with an infinite source of water (on the time scale of the measurements) within 1.5 m of the ground surface.
